Abstract: We propose a novel approach for the generation of flat optical frequency comb (OFC) using a single polarization modulator (PolM) and a Brillouin-assisted power equalizer (BAPE). The reference radio-frequency (RF) signal applied to the PolM is provided by an optoelectronic oscillator (OEO). The spectra of the optical signals launched to the BAPE are optimized in advance for the generation of OFCs with different number of lines. The BAPE is introduced to flatten the uneven OFC lines by attenuating the optical lines having power beyond the threshold of the stimulated Brillouin scattering (SBS) and amplifying the ones having power below the SBS threshold with the amplifier inside the BAPE. In addition, the OFC generator is optical wavelength independent since there is no optical filter involved in our approach. We experimentally demonstrated that the proposed OFC generator can produce 5, 7, 9, and 11 lines within a spectral flatness of 0.5, 1.5, 2, and 4.1 dB, respectively.
Introduction
Optical frequency comb (OFC) has attracted great attentions because of its applications in the fields such as optical orthogonal-frequency-division multiplexing (O-OFDM), microwave signal processing, and arbitrary waveform generation [1] - [4] . Many approaches have been reported to generate flat OFC [5] - [14] . For example, OFC with large bandwidth can be obtained using mode-locked lasers [5] . However, sophisticated thermal and acoustic isolation is required. The OFC can also be produced by four-wave mixing (FWM) in a nonlinear medium [6] . Usually, it is very hard to flatten the OFC lines due to the low power efficiency of the FWM. Another promising method for the generation of OFC is based on the nonlinearity of external modulators [7] - [14] . The external modulator driven by a radio-frequency (RF) signal generates a series of sidebands which can be regarded as an OFC. Unfortunately, flat OFC is hard to obtain since the power for each OFC line is governed by a Bessel function of different orders. This problem has been solved by cascading two or more external modulators [7] - [9] . Although the OFC is flattened, the system is very complicated and costly due to the joint use of multiple modulators, RF power dividers, and RF phase shifters.
On the other hand, many efforts have been made to generate flat OFCs using only a single modulator. In [10] , flat OFC has been achieved using a single phase modulator driven by dual RF sine signals with different powers and frequencies. In addition, dual-drive Mach-Zehnder modulator (DDMZM) has also been used for the generation of flat OFC by feeding the two arms of the modulator with RF signals having different amplitudes or frequencies [11] - [13] . The methods reported in [10] - [13] involve the use of two RF sources. Moreover, the phase, the power, and the frequency of the two RF signals have to be accurately controlled. Recently, the generation of sevenline OFC was reported using a polarization modulator (PolM) driven by an RF reference signal [14] . However, only a fixed number of OFC lines (i.e., seven lines) can be generated. Moreover, the odd and even order OFC lines derive from two independent optical paths, which make the system unstable. It is also worth noting that most of the OFC generators require external RF reference sources to generate an equally spaced and stable OFC. However, the external RF sources are expensive for practical applications. It is still a challenge to generate flat and large-line-number OFC based on a single modulator without using the RF reference source [9] .
In this paper, we report a new method to generate flat OFCs using a single PolM and a Brillouinassisted power equalizer (BAPE). The reference RF signal driven to the PolM is generated based on an optoelectronic oscillator (OEO) rather than an external RF signal. The spectra of the optical signals launched to the BAPE are optimally preset for the generation of flat OFCs. The BAPE is introduced to flatten the uneven OFC lines generated by the PolM. For OFC lines having power higher than the threshold of the stimulated Brillouin scattering (SBS), they suffer from SBS-induced power attenuation. On the other hand, the OFC lines having power lower than the SBS threshold gain from the optical amplifier inside the BAPE. As a result, the powers of the OFC lines are balanced by the BAPE. In addition, the proposed OFC generator is optical wavelength independent since there is no optical filter used in our scheme. We experimentally generate OFCs having 5, 7, 9, and 11 lines within a spectral flatness of 0.5, 1.5, 2, and 4.1 dB, respectively.
Principle
The schematic diagram of the proposed OFC generator is shown in Fig. 1(a) , which mainly consists of an OEO loop and a BAPE. A linearly polarized optical carrier from a laser diode (LD) is sent to a PolM via a polarizer maintaining fiber (PMF). The output of the PolM is divided into two branches. The lower branch is used to form an OEO loop which consists of a polarization controller (PC1), a polarizer (Pol1), a variable optical attenuator (VOA), a single-mode fiber (SMF), a photodetector (PD), an electrical bandpass filter (EBPF), an electrical amplifier (EA), and the PolM. The frequency of the oscillated RF signal in the OEO loop is determined by the central frequency of the EBPF, while the power of the RF signal can be adjusted by the VOA.
The PolM is a special phase modulator that supports both TE and TM modes with opposite phase modulation indices. A polarizer is integrated at the input of the PolM with an angle of 45 to one of its principal axes. The electrical field at the output of the PolM is given by
where ! 0 is the angular frequency of the optical carrier. is the phase modulation index of the PolM, which can be expressed as ¼ V RF =V and V is the half-wave voltage of the PolM. V RF and ! RF is the amplitude and the angular frequency of the RF signal applied to the PolM, respectively. ' is the phase difference between the orthogonal polarization states of E x and E y , which can be tuned by the PC followed after the PolM (PC1 or PC2). The Pol oriented at an angle of to one principal axis of the PolM is added to project the orthogonal signal onto a fixed linear polarization state. The optical field at the output of the polarizer can be expressed as
where J n ðÁÞ is the Bessel function of the first kind of order n. For ¼ 0 or =2, the joint use of the PolM, the PC, and the Pol is equivalent to a phase modulator. For ¼ =4 or 3=4, it can be regarded as an intensity modulator. The bias point of the intensity modulator is controlled by the PC. If 0 G G =4 or =2 G G 3=4, it is equivalent to a phase and intensity hybrid modulator. The ratio between the phase and intensity modulation can be tuned by the PC. For the OEO loop, the combination of the PolM, the PC1, the Pol1 acts as a pure intensity modulator which is biased at the quadrature point to generate the reference RF signal. The PolM, the PC2, and the Pol2 form the other modulator to generate the OFC. It can be seen from (2) that a serial of harmonic OFC lines are generated due to the nonlinearity of the PolM. The optical power of the OFC lines is given by
which is controlled by three parameters , , and '. It is hard to obtain a flat OFC with large-linenumber since the power for each OFC line obeys the Bessel function of different orders. The key of our approach is that the powers of the OFC lines are divided into two levels. The parameters , , and ' are optimized to flatten the OFC lines at each level. It means that two flat OFCs are generated at two different power levels as shown in Fig. 1(b) . It should be noticed that the OFC at either power level may not be equally spaced. It is apparent that the generation of two flat OFCs is much easier than only one. Then, a BAPE is added after the Pol2 as illustrated in Fig. 1(a) to balance the powers between the two OFCs. Finally, a flat OFC can be generated as shown in Fig. 1(b) .
The BAPE consists of an erbium-doped fiber amplifier (EDFA), two optical circulators (OCs), a dispersion-shifted fiber (DSF), and a PC3. The signal wave injected into the BAPE is first boosted by the EDFA before going through the DSF via the OC1. In the DSF, the OFC lines which have power higher than the SBS threshold generate backscattered Stokes waves at the frequencies of $10-11 GHz downshifted from the frequencies of the OFC lines. In the SBS process, the power transfers from the signal wave to the Stokes wave, leading to the reduction of the signal wave and the amplification of the Stokes wave. The generated Stokes wave travels counter-clockwise and reaches the opposite port of the DSF after passing through the OC1, the PC3, and the OC2. Then, the signal wave and the Stokes wave counterpropagates in the DSF and generates the SBS again. Thus, more power transfers from the signal wave to the Stokes wave. The Stokes wave circulates in the loop formed by the OCs, the PC3, and the DSF and absorbs power from the signal wave at each circle. This results in a lower SBS threshold than with a single pass structure due to longer interaction lengths between the signal wave and the Stokes wave [15] . A stronger signal wave will generate a powerful Stokes wave which in turn absorbs more power from the signal wave. Therefore, the power reduction of the signal wave can be adjusted by tuning the gain of the EDFA. Moreover, the gain of the signal wave is affected by the state-of-polarization (SOP) relation between the signal and the Stokes wave. The maximum ðG max Þ and minimum gain ðG min Þ is related to a pair of orthogonal SOPs of the Stokes wave [16] , [17] . The minimum gain of the signal wave occurs when the SOP of the Stokes wave aligns with the conjugate of the signal wave which can be characterized by the SOP of the Brillouin amplified spontaneous emission of the signal wave. It means that the power reduction of the signal wave can also be controlled by adjusting the PC3.
On the other hand, the OFC lines which have power lower than the SBS threshold will not stimulate the SBS effect. They only gain from the EDFA and surfer from the insertion loss of the DSF. It is worth noting that the Stokes wave propagates counter-clockwise in the loop formed by the OCs, the PC3, and the DSF but never goes out of the loop. However, the signal wave can freely go out of the system via OC2. Thus, the Stokes wave will not affect the generated OFC. It is expected that the OFC can become flat after passing through the BAPE because the OFC lines having higher power are attenuated by the SBS, while the others having lower power could gain from the EDFA as shown in Fig. 1(b) . Similar structures as the BAPE have been used to increase microwave signal modulation depth in optical links [18] - [20] . A theoretical analysis about the behavior of this SBS recycling technique in terms of SBS threshold and the power reduction of the signal wave can be found in [15] , [20] .
Experiments and Results
The parameters of the devices used in our experiment are summarized as follows: the wavelength of the LD (NKT fiber laser K82-152-03) is 1550 nm. The linewidth of the LD is less than 0.1 kHz. The PolM has a 3-dB bandwidth of 40 GHz and a half-wave voltage of 3.5 V. The length of the SMF is 230 m. The PD has a 3-dB bandwidth of 15 GHz. The EBPF centered at 9.95 GHz has a 3-dB bandwidth of 10 MHz. The DSF has a length of 4.1 km. First of all, the gain of the signal wave passing through the BAPE was investigated. An experiment was performed by directly connecting the output of the LD to the input of the BAPE. The output power of the LD was set at À8.4 dBm. Fig. 2 shows the gain of the signal wave after passing through the BAPE versus the output power of the EDFA inside the BAPE. As described in Section II, the signal gain is related to the SOP of the Stokes wave, thus, can be tunable by adjusting the PC3. The maximum and minimum gain of the signal wave was both measured. It can be seen from Fig. 2 that the SBS threshold is around 1 dBm. For the amplified signal waves having power lower than 1 dBm, they experience gain from the EDFA and a fixed loss ($3 dB) from the DSF and the OCs. Therefore, the gain of the signal wave increases with the gain of the EDFA as shown in Fig. 2 . Since there is no Stokes wave generated in this case, the maximum and minimum gain of the signal wave are the same. If the power of the amplified signal wave is higher than 1 dBm, they will stimulate the SBS in the DSF. Meanwhile, power transfer from the signal wave to the Stokes wave occurs. The signal gain decreases with the output power of the EDFA for both the maximum and minimum gain cases. The difference between the maximum and minimum gain generally increases with the gain of the EDFA. Moreover, the signal wave even undergoes loss for the output power of the EDFA higher than 6 and 8 dBm for the maximum and minimum gain cases, respectively.
An experiment was carried out based on the setup shown in Fig. 1(a) to verify the proposed scheme. The generated reference RF signal from the OEO was measured by extracting a part of RF power from the output of the EBPF. The measured electrical spectrum of the generated RF signal at a frequency of 9.95 GHz is shown in Fig. 3(a) , where the inset shows the zoom-in view in a span of 100 kHz. The phase noise performance of the generated RF signal from 10 Hz to 3 MHz is shown in Fig. 3(b) . The phase noise at a frequency offset of 10 kHz was measured to be as low as À116.94 dBc/Hz.
As shown in Fig. 1(a) , the PolM, the PC2, and the Pol2 forms the other modulator to generate the OFC. By properly setting the parameters , , and ', flat OFC with line number up to five can be generated without using the BAPE. Fig. 4(a) shows the simulated optical spectrum for the flat 5-line OFC. The parameters is optimized as ¼ 1:84, ¼ =4, and ' ¼ 1. The measured optical spectrum at the output of the Pol2 is shown in Fig. 4(b) . The total optical power is 0 dBm. The side mode suppression ratio (SMSR) is $9.3 dB. The OFC lines are strictly spaced at the frequency of 9.95 GHz, which equals to the frequency of the oscillated RF signal in the OEO. The flatness of the generated OFC is 0.5 dB. The linewidth of the LD transfers to that of each comb line. It is noted that the generation of flat OFC with line number more than five using a single PolM is very hard [14] . Fig. 3. (a) The electrical spectrum of the generated reference RF signal by the OEO, the inset shows the zoom-in view in a span of 100 kHz and a resolution bandwidth (RBW) of 2 kHz. (b) The measured phase noise of the generated RF signal at 9.95 GHz. In order to generate flat OFC with more than 5 lines, the optical spectrum of the OFC launched to the BAPE should be optimized in advance as described in Section II. We take the generation of flat 7-line OFC as an example to show the key points to choose the parameters. The powers of the OFC lines are separated into two levels, the parameters , , and ' are optimized to flatten the OFC lines at each level. The simulated optical spectrum of the OFC before sending to the BAPE is shown in Fig. 5(a) . The power of OFC lines #0 and #2 should be the same, thus we have ¼ 1:84. Then, to let line #3 have the same power with line #0, , and ' are calculated to be =4 and 2.5, respectively. It is noted that and ' do not have a unique solution. For simplicity, is always given a value of =4 in the following simulations.
As shown in Fig. 5(a) , the power of line #1 is 14.9 dB higher than that of lines #0, 2, and 3. Fig. 5(b) shows the measured optical spectrum of the OFC before sending to the BAPE. The power of lines #1 and 3 is À2 and À16.4 dBm, respectively. The measured optical spectrum matches the simulated one very well. To balance the powers between the two OFCs, the BAPE was introduced by amplifying the weak lines while attenuating the strong ones. After the BAPE, OFC lines #AE1 suffer from the SBS attenuation while the others with low power will gain from the BAPE thanks to the incorporated EDFA. In this way, a flat 7-line OFC can be generated after the BAPE. The gain of the EDFA was well controlled to make sure that the power of the amplified lines #0, 2, and 3 does not exceed the SBS threshold. Then, the power attenuation for lines #AE1 was precisely adjusted by tuning the PC3. The gain of the signal wave can be continuously altered between the maximum and the minimum as shown in Fig. 2 . The measured optical spectrum after the BAPE is shown in Fig. 5(c) . The power of OFC line #1 is À9.3 dBm which is attenuated by 7.3 dB, while line #3 has a power of À9.9 dBm which is amplified by 6.5 dB. The generated 7-line OFC has a flatness of 1.5 dB, a SMSR of $9 dB, and a total optical power of À0.8 dBm.
For the generation of flat 9-line OFC, similar to the 7-line case, the optimal parameters and ' are calculated to be 3.25 and 0.89, respectively. The simulated optical spectrum of the two OFCs with different power levels is shown in Fig. 6(a) . The OFC at higher power level consists of lines #0 and AE2. The other OFC consists of lines # AE1, AE3, and AE4.The average power of the OFC at higher power level is 9.2 dB higher than that of the lower one. Fig. 6(b) shows the measured optical spectrum of the OFC at the input of the BAPE. The OFC lines #2 and 4 have optical power of À5.2 and À15 dBm, respectively. The power difference of 9.8 dB agrees well with the simulated result. After the BAPE, the measured optical spectrum is shown in Fig. 6(c) . The power of the OFC line #2 is À7.8 dBm which is attenuated by 2.6 dB, while line #4 has a power of À7.9 dBm that is boosted by 7.1 dB. A flatness of 2 dB is obtained for the finally generated 9-line OFC. The total optical power is around 1.7 dBm. The SMSR is $11 dB.
For flat OFCs with lines more than 9, it is hard to preset the optical spectrum with two flat OFCs at the same time. In this case, the flatness of the OFC at lower power level should be preferred because these OFC lines having powers below the SBS threshold will experience the same gain after the BAPE. The flatness of these OFC lines will affect the flatness of the finally generated OFC. On the other hand, the powers of the OFC lines at the higher power level could have some difference since the gain of the signal wave having power beyond the SBS threshold decrease with its initial power as shown in Fig. 2 . It means that the large power differences among these OFC lines at the higher power level could be reduced by the BAPE. In this case, the parameters of and ' are chosen to be 2.62 and 2.46, respectively. The simulated optical spectrum of the OFC before sending to the BAPE is shown in Fig. 7(a) . The average power of OFC lines #1, 2, and 3 is 18.7 dB higher that of lines #0, 4, and 5. The measured optical spectrum before sending to the BAPE is shown in Fig. 7(b) . The powers of lines #1 and 5 are À5.6 and À17.7 dBm, respectively, which gives a power difference of 12.1 dB. After the BAPE, the measured optical spectrum is shown in Fig. 7(c) . The power of line #1 is À10.2 dBm which is attenuated by 4.6 dB. The power of line #5 is however amplified by 6.9 dB and reaches À10.8 dBm. The generated 11-line OFC has a flatness of 4.1 dB and a total optical power of 3 dBm. The SMSR is $19 dB.
Conclusion
An OEO-based OFC generator has been demonstrated using a single PolM and a BAPE. The external reference RF source usually exploited in an OFC generator is no longer required in our scheme. The spectra of the optical signals launched to the BAPE have been optimized in advance. A flat OFC has been finally obtained by balancing the powers of the OFC lines using the BAPE. Since there is no optical filter involved in our scheme, the proposed OFC generator is therefore optical wavelength independent. We have experimentally demonstrated the generation of OFCs having 5, 7, 9, and 11 lines within a spectral flatness of 0.5, 1.5, 2, and 4.1 dB, respectively. The proposed approach, in principle, is capable of generating flat OFCs with more 11 lines. However, the power of the microwave signal driven to the PolM should be increased to generate more harmonic lines. In our experiment, due to the lack of high gain EA, we have only demonstrated flat OFC with line number up to 11. However, to the best of our knowledge, this is the recorded OFC line number that can be generated based on a single PolM without using any external RF source. The linewidth of the OFC line generally follows the linewidth of the LD because the SBS introduces neglectable noise to the optical signal. It is worth noting that the frequency spacing of the generated OFC is fixed at 9.95 GHz in our experiment, which is due to the use of a fixed EBPF in the OEO loop. The frequency spacing of the OFC can be tunable using a frequency tunable OEO, which has been demonstrated in [21] .
